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Orai1y (SOCE) is a major mechanism for Ca2+ inﬂux. Since SOCE was ﬁrst proposed two
decades ago many techniques have been used in attempting to identify the nature of store-operated Ca2+
(SOC) channels. The ﬁrst identiﬁed and best-characterised store-operated current is ICRAC, but a number of
other currents activated by Ca2+ store depletion have also been described. TRPC proteins have long been
proposed as SOC channel candidates; however, whether any of the TRPCs function as SOC channels remains
controversial. This review attempts to provide an overview of the arguments in favour and against the role of
TRPC proteins in the store-operated mechanisms of agonist-activated Ca2+ entry.
© 2008 Elsevier B.V. All rights reserved.1. IntroductionCytosolic free Ca2+ concentration ([Ca2+]c) is a universal signal that
regulates a large number of cellular responses [1]. Many physiological
agonists increase [Ca2+]c by release of Ca2+ from the intracellular
stores, a process modulated by second messengers. However, to
maintain Ca2+ signals and reﬁll intracellular stores, agonists also
activate entry of Ca2+ through plasma membrane (PM) channels. Ca2+
entry can be achieved by different mechanisms, but in non-excitable
cells, and also in certain excitable cells, store-operated Ca2+ entry
(SOCE) is a major mechanism for Ca2+ inﬂux [2].
The existence of SOCE or capacitative Ca2+ entry was ﬁrst proposed
as a mechanism for Ca2+ inﬂux regulated by the Ca2+ content of the
intracellular pool rather than by the Ca2+ signals generated by agonists
[3]. In addition to the involvement of SOCE in Ca2+ store reﬁlling,
allowing cells to be ready for subsequent stimulus, SOCE has been
reported to be important for a number of cellular functions (Table 1).
In rat cortical astrocytes SOCE maintain intracellular Ca2+ oscillations
induced by stimulation of metabotropic glutamate receptors [4].
Repetitive oscillations in [Ca2+]c are spatio-temporal patterns of Ca2+
signals, recognized as physiological processes [5,6], that regulate a
variety of cellular functions [7]. A role for SOCE in Ca2+ oscillations was
observed in rat hepatocytes, where treatment with 2-aminoethyl
diphenylborate (2-APB), Gd3+ or SK&F 96365 inhibited vasopressin-
and adrenaline-induced Ca2+ oscillations [8]. In a more recent study,
Bird and Putney, using high concentrations of Gd3+ to prevent Ca2+
entry and extrusion, condition that allowed Ca2+ oscillations to occur,4 927257110.
l rights reserved.reported that SOCE sustains but is not essential for Ca2+ oscillations,
since themechanisms that initiate and regenerate Ca2+ oscillations are
intrinsic to the intracellular medium [9]. SOCE has also been shown to
be important for exocytosis in different cell types, including rat
basophilic leukaemia (RBL) cells [10] and adrenal chromafﬁn cells [11].
SOCE has also been suggested to be important for platelet function
[12], and, on the base of the use of the sarco-endoplasmic reticulum
Ca2+-ATPase inhibitors, such as thapsigargin (TG), SOCE has been
shown to participate in muscle contraction [13], although TG does not
provide unequivocal evidence for SOCE since it might induce opening
of Ca2+-dependent Cl− channels, resulting in depolarization and
subsequent gating of voltage-activated Ca2+ channels [14]. SOCE is
also required for the activation of certain enzymes. Ca2+ entry through
store-operated Ca2+ channels can alter the activities of enzymes, such
as the type I adenylyl cyclase in C6-2B glioma cells [15] or the 5-
lipooxygenase in RBL-1 cells [16]. In addition, Ca2+ entry through
store-operated channels regulates endothelial cell permeability [17].
SOCE is also important for a number of long-term responses including
gene transcription regulation [18]. A physiological role for SOCE in
non-mammalian cells has also been reported. In C. elegans RNA
interference silencing Orai1 expression prevents SOCE and causes
sterility [19]. The physiological importance of SOCE is also supported
by the identiﬁcation of certain pathologies attributed to a failure or
malfunction of this mechanism, including severe combined immuno-
deﬁciency (SCID), associated to a loss of SOCE in T-lymphocytes [20],
or defective mast cell degranulation and cytokine secretion [21].
It is now clear that SOCE involves a family of Ca2+-permeable
channels with different biophysical properties. The ﬁrst identiﬁed and
best-characterised store-operated current, ICRAC, was revealed in
electrophysiological studies of mast cells [22]. The channel conducting
Table 1
Physiological importance of store-operated Ca2+ entry
Function Cell type References
Ca2+ oscillations Type-I rat cortical astrocytes [4]
Rat hepatocytes [8]
Human embryonic kidney cells [6,9]
Exocytosis Rat basophilic leukemia (RBL) cells [10]
Bovine adrenal chromafﬁn cells [11]
Platelet function Mice platelets [12]
Muscle contraction Mouse anococcygeus smooth muscle cells [13]
Adenylyl cyclase activation C6-2B glioma cells [15]
5-lipooxygenase activation RBL-1 cells [16]
Endothelial permeability Endothelial cells [17]
Gene transcription T-lymphocytes [18]
Ovulation and fertility Caenorhabditis elegans [19]
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for Ca2+ (pCa2+/pNa+~1000) [2,23]. In addition, other store-operated
currents of greater conductance than ICRAC have been described. These
store-operated currents (ISOC) occur through poorly selective cation
channels described, among others, in vascular endothelial cells (pCa2+/
pNa+~10) [24], smooth muscle cells (pCa2+/pNa+~1) [25], pancreatic
acinar cells (pCa2+/pNa+~0.07) [26], submandibular (pCa2+/pNa+~40)
and parotid (pCa2+/pNa+~4) gland cells [27].
The nature of the channels that mediate ICRAC and ISOC has been a
matter of intense investigation and debate for over two decades. One
of the early hypotheses for a SOC channelwas formulated in sea urchin
eggs, where inositol 1,3,4,5-tetrakisphosphate (IP4) was proposed to
modulate Ca2+ entry into the inositol-1,4,5 trisphosphate (IP3)-
sensitive pool by joining the PM and the endoplasmic reticulum
(ER) membrane [28], presumably involving an IP4 receptor in the PM
and an IP3 receptor in the ER [29]. The role of IP4 in SOCE was not free
from controversy and there is still some debate over whether IP4 has a
function at all. For a review the readers are referred to [29,30].
Other proteins that might form Ca2+-permeable channels have
been presented as candidates for the conduction of SOCE, such as the
mammalian homologues of Drosophila transient receptor potential
(TRP) channels, as discussed below. Recently, the pore-forming
protein Orai1 has been presented as the candidate to mediate ICRAC
[20,31–34]. As described for ICRAC, Orai1-forming channels show an
extraordinarily high selectivity for Ca2+ over monovalent cations [35].
The involvement of Orai1 in ICRAC was identiﬁed by gene mapping in
patients with a hereditary SCID syndrome attributed to the loss of
ICRAC in T cells. The ORAI1 gene on chromosome 12 was mutated in
SCID patients, and ICRAC was restored by expression of wild-type Orai1
in T cells [20]. The role of Orai1 in ICRAC was conﬁrmed in a whole-
genome screen of Drosophila S2 cells [20] with other groups reporting
similar results at almost the same time [31,32]. Orai1 is a relatively
small (301 amino acid) protein with four predicted transmembrane
domains and cytosolic N- and C-terminal tails [31,33,34].
The intestinal Ca2+ transport protein CaT1 encoded by TRPV6 has
been reported to show a number of biophysical properties of ICRAC
when expressed inmammalian cells, including activation by depletion
of the Ca2+ stores, high selectivity for Ca2+, sensitivity to La3+ and
single-channel conductance to Na+ in divalent-ion-free conditions
[36]. However, TRPV6 has been reported to be a Mg2+-gated channel
with a number of distinct properties to ICRAC, such as inward
rectiﬁcation in the absence of divalent cations, greater Cs+/Na+
permeability and potentiation by 2-APB (ICRAC is inhibited by 2-APB)
[37]. In addition, TRPV6 is blocked by Mg2+ in a voltage-dependent
manner [37]. More recent studies in mast cells have shown that ICRAC
is unaffected by TRPV6 antisense and siRNA knockdown [38], thus
further suggesting that, although there are certain biophysical
similarities between TRPV6 and CRAC channels, there are a number
of discrepancies suggesting that TRPV6 probably does not form the
CRAC pore.2. Transient receptor potential channels and store-operated
Ca2+ entry
In Drosophila photoreceptors, the light-sensitive conductance is
mediated by, at least, two Ca2+-permeable channels encoded by the
trp gene and its homologue trpl [39,40]. A mutation in the genes
encoding these proteins selectively abolished the delayed, light-
sensitive and sustained depolarization due to Na+ and Ca2+ inﬂux
[39,41]. Although Drosophila TRP was later demonstrated to be gated
by diacylglycerol (DAG) or a metabolic byproduct, synergistically with
phosphatidylinositol 4,5-bisphosphate (PIP2) depletion [42], the
ﬁnding that Ca2+ entry was defective in the Drosophila TRP mutant,
together with the similar topology of Drosophila TRP channels to
voltage-gated ion channels, raised interest in TRP proteins as
candidates for the SOC channel.
The ﬁrst mammalian TRP homologue, TRPC1, was identiﬁed in
human by two research groups in 1995, together with the full length
cDNAs of TRPC1 [43,44]. By the same time a TRP homologue was also
identiﬁed in mouse brain [45]. Since TRP proteins were ﬁrst described
in vertebrates a number of mammalian homologues of TRP have been
found and are classiﬁed into three major subfamilies closely related to
TRP (TRPC, TRPV and TRPM), two more distantly related subfamilies
(TRPP and TRPML), and a less related TRPN group expressed in ﬂies
and worms [46].
The role of TRP channels in the conduction of SOCE, as well as the
mechanism of activation of these channels, remains highly contro-
versial, with different laboratories providing evidence in favour or
against store-operated behaviour of TRP channels. Particular attention
has been paid to members of the canonical TRP (TRPC) subfamily.
Using different approaches, from overexpression of speciﬁc TRP
proteins to knockdown of endogenous TRPs and pharmacological
studies, several laboratories have suggested that a number of TRPC
proteins might be activated by Ca2+ store depletion (Table 2).
2.1. TRPC1 and store-operated Ca2+ entry
Among other TRPCs, the case for TRPC1 as a subunit of SOC
channels is perhaps the most widely investigated and has generated a
considerable debate in the literature, with a number of studies in
favour and against a role for TRPC1 in SOCE in cells transfected with
TRPC1 or naturally expressing TRPC1 proteins. In this section, we
describe some of the most relevant articles supporting and challen-
ging the involvement of TRPC1 in SOCE.
2.1.1. Studies supporting a role for TRPC1 in SOCE
One the ﬁrst attempts to investigate the role of TRPC1 in Ca2+ inﬂux
comes from studies in COS and CHO cells, where expression of TRPC1
enhanced agonist-evoked Ca2+ entry. Furthermore, in whole cell
patches TRPC1 expression induced nonselective cation currents, with
similar permeabilities for Ca2+, Na+ and Cs+, in response to intracellular
infusion of IP3 or TG [47,48].
A functional role for TRPC1 in the conduction of SOCE has been
supported by a series of papers from Ambudkar's lab. In human
submandibular gland cells, overexpression of TRPC1 enhances TG-
induced Ca2+ inﬂux whereas antisense oligonucleotides directed
against TRPC1 reduced TG-evoked responses, as detected by cell-
attached patch clamp and spectroﬂuorimetry in fura-2-loaded cells. In
both cases, the extent of TG-evoked Ca2+ entry correlated with the
levels of expression of TRPC1 at the PM [49,50]. Interestingly,
expression of a truncated TRPC1, lacking the C-terminal sequence
664–793, induced a greater increase in TG-evoked Ca2+ entry than that
observed after expressing the full-length TRPC1, thus suggesting that
the C terminal domain of TRPC1 exerts a regulatory (inhibitory) effect
[51], which is likely to be mediated by interaction with the Ca2+-
binding protein calmodulin [52]. In addition, overexpression of a
TRPC1 mutant lacking the pore region resulted in a reduced TG-
Table 2
TRPC channel properties
Channel Ion selectivity Conductance Current Activation References
TRPC1 PNa/PCa~1:1a Not established Outwardly rectifying nonselective cation currenta Receptor-operated
(heteromer TRPC1/TRPC4 or TRPC1/TRPC5)
[43,47,48,58,59,72,108]
Store depletion?
TRPC2 Cation nonselective 42 pS Near linear nonselective cation current Receptor-operated [74–76,124,125]
Store-depletion?
TRPC3 PNa/PCa~1:1.5 66 pS Inwardly and outwardly rectifying, nonselective
cation current
DAG [81,102,124,126]
TRPC4 PNa/PCa~1:1.1
(bCCE~1:7)b
41 pS Nonselective, largely inward, double rectiﬁcation Receptor-operated [82–85,124,127]
Store depletion?
TRPC5 PNa/PCa~1:9 63 pS Nonselective, double rectiﬁcation Receptor-operated [86,88,124,128]
Store depletion?
TRPC6 PNa/PCa~1:5 35 pS Inwardly and outwardly rectifying, nonselective
cation current
DAG [81,91–93,126]
Store depletion?
TRPC7 PNa/PCa~1:2 −100–0 mV:
25 pS
Inwardly and outwardly rectifying, nonselective cation
current
PI(4,5)P2, DAG [94,96,126,128]
0–100 mV:
50 pS
Store depletionc
a When coexpressed with TRPC4 and TRPC5.
b Ref. [127].
c When stably expressed.
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TRPC1 as a subunit of the SOC channel [50]. Furthermore, experiments
performed in TRPC1-deﬁcient mouse submandibular gland acinar
cells have reported substantial attenuation of ISOC and salivary
secretion, which provides evidence for a functional role of TRPC1 as
a SOC channel component [53].
Further evidence supporting a role for TRPC1 in SOCE comes from
experiments performed in endothelial cells and B-lymphocytes. In the
A549 endothelial cell line Brough et al. reported that both ISOC and TG-
induced Ca2+ entry were reduced by 50% and 25% respectively, when
TRPC1 expression was suppressed selectively by antisense oligonu-
cleotides directed against this protein [54]. In addition, in DT40 B-
lymphocytes, disruption of the trp1 gene locus by homologous
recombination attenuated Ca2+ mobilization in DT40 cells after
activation of B cell antigen receptors. Although a reduction in
agonist-induced Ca2+ entry might occur as a result of attenuation in
Ca2+ release from the stores in these cells, probably due to a reduced
sensitivity of IP3 receptors to IP3, further experiments revealed that
TRPC1-deﬁcient cells show impaired TG-evoked Ca2+ entry yet a
similar TG-induced Ca2+ release from the stores as wild type cells. In
addition, 80% of the TRPC1-deﬁcient cells showed no detectable ISOC,
while the remaining 20% showed ISOC similar to wild type cells.
Expression of recombinant TRPC1 restored the impairment in SOCE
observed in TRPC1-deﬁcient cells [55]. These ﬁndings provide
evidence for the involvement of TRPC1 in the regulation of both IP3
receptors and SOCs in DT40 B-lymphocytes [55].
In human embryonic kidney (HEK)293 cells, transient transfection
of TRPC1 antisense constructs reduces TG-evoked divalent cation
entry, as measured in individual cells using the ﬂuorescent indicator
fura-2, thus suggesting that this protein might function as a SOC
channel subunit [56]. In these cells, as well as other cultured cells,
recent studies have shown that TRPC1 associates with Orai1 and
STIM1 in a TRPC1–Orai1–STIM1 ternary complex that contributes to
SOC channel function, suggesting that SOC and CRAC channels are
regulated by similar molecular components [57].
The role of TRPC1 proteins in SOCE has also been assessed by using
antibodies directed to the pore-forming region, which have been
shown to reduce store-operated divalent cation entry in vascular
smooth muscle cells and human platelets [58,59].
2.1.2. Studies challenging a role for TRPC1 in SOCE
Despite a number of reports have suggested the involvement of
TRPC1 in store-operated divalent cation entry, as mentioned above,other investigators have failed to observe store-operated behaviour of
exogenously expressed TRPC1, even though some of the studies were
performed in the same cellular models. Sinkins et al. [60] argued that
TRPC1 expressed in SF9 cells is not activated by store depletion, since
there was no increase in whole-cell membrane current in TRPC1-
expressing cells upon treatment with TG, or during intracellular
dialysis with buffers containing high concentrations of EGTA, to buffer
Ca2+ to very low levels and induce depletion of the stores. In whole-
cell experiments, using a pipette solution that contained 10 mM
BAPTA to buffer free Ca2+, TG failed to evoke signiﬁcant changes in
membrane conductance in HEK293 cells transfected with TRPC1, as
well as with TRPC3, but changes were observed after application of the
DAG analogue 1-oleoyl-2-acetyl-sn-glycerol [61]. In HEK293 cells
Wedel et al. reported that RNAi targeting 34 members of the TRP
channel superfamily did not reveal a role for any of these channel
proteins in SOCE [6].
Studies performed in different cells from TRPC1 defective mice
have also challenged the relevance of TRPC1 in SOCE. In vascular
smooth muscle cells from TRPC1−/− mice Dietrich et al. reported
similar SOCE induced by TG, IP3 and cyclopiazonic acid than cells from
wild-type mice, thus concluding that TRPC1 is not an obligatory
subunit of the SOC channels [62]. In addition, platelets from mice
lacking TRPC1 shows normal SOCE in response to TG, thrombin and
collagen-related peptide compared to platelets from wild-type mice.
Furthermore, platelets from TRPC1−/− mice display similar aggregation
upon stimulation with ADP, thrombin, collagen-related peptide and
the thromboxane A2 analogue U46619 [63].
In addition, studies on platelets have challenged the role of TRPC1
in SOCE previously suggested using antibodies directed to the pore-
forming region of the channel subunit, arguing that TRPC1 is located
not in the PM, but in the inner membranes [63,64]. The controversy
mainly focused on the speciﬁcity of the different antibodies used.
Detection of TRPC1 in the PM was achieved using an anti-TRPC1
antibody from Alomone Laboratories (Jerusalem, Israel) and con-
ﬁrmed by detection of the same protein of about 100 kDa using the
T1E3 anti-TRPC1 antibody characterised by Xu and Beech [58,59]. The
isolation method and age of platelets used (freshly isolated or from a
blood bank) have been suggested as possible reasons of the conﬂict
[65].
2.1.3. Remarks from TRPC1-containing heteromultimers
The discrepancies between studies in favour and against a role for
TRPC1 are difﬁcult to reconcile. A source of controversy might reside
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operated channels, activated by depletion of the intracellular Ca2+
stores independently of rises in [Ca2+]c, from other channels that
might be simultaneously activated by rises in [Ca2+]c as a result of cell
stimulation with agonists or even TG, or those procedures where
membrane depolarization effects, which are expected to occur as a
result of Ca2+ entry, are not taken into account as previously discussed
[66]. However, the inconsistencies and contradictions reported cannot
be simply accounted for by different experimental approaches since
several studies use the cell types and sources of TRP1 cDNA for
expression.
It has been suggested that TRPC1 translocation to the PM does not
occur properly in the absence of other TRPC isoforms, such as TRPC4 or
TRPC5 [67], so that the successful studies assessing the role of TRPC1
in SOCE might have occurred when other TRPC subunits were
available. In support of this report, FRET-based technology have
revealed that TRPC1 might form both intracellular Ca2+ release
channels, when expressed alone, and PM Ca2+ permeable channels
when co-expressed with the TRPC family members TRPC4 or TRPC5,
an effect that was not found when TRPC1 was co-expressed with
TRPC3 or 6 [68]. In addition, the apparent differences in the function of
TRPC1 as a channel subunit have been suggested to depend on critical
interactions between TRPC1 monomers and other TRP proteins. In
fact, SOC currents with different biophysical properties have been
reported in vascular smooth muscle cells conducted by different
TRPC1-containing heteromultimers (TRPC1, 5 and 6 in coronary artery,
TRPC1 and 5 in mesenteric artery and TRPC1, 5 and 7 in portal vein)
[69], whereas in renal mIMCD3 cell line heteromeric assembly of
TRPC1 and TRPP2 has been reported to form receptor-operated Ca2+
channels [70].
In human parotid gland ductal cells heteromeric interaction of
TRPC1 with TRPC3 leads to the formation of channels activated both
by store depletion and DAG [71].
Strübing et al. have identiﬁed a novel heteromeric nonselective
cation channel, consisting of, at least, TRPC1 and TRPC5 in neurons,
that is activated by Gq-coupled receptors independent of Ca2+ store
depletion [72]. These observations suggest that coassembly from
different TRPC subunits might be a common feature for native TRPC
channels, a phenomenon that might contribute to the functional
diversity of native Ca2+ permeable channels. Recent studies have also
shown that TRPC5-TRPC1-forming channels can be activated by
extracellular signals such as thioredoxin, a endogenous antioxidant
protein released under oxidative stress that interacts with a
disulphide bridge located in the proximity of the pore-forming region
of TRPC5 [73].
2.2. Involvement of other TRPCs in store-operated Ca2+ entry
In addition to TRPC1, the relevance of other TRPC proteins in SOCE
has been investigated and some of the major ﬁndings with respect to
the role of speciﬁc TRPCs in SOCE are summarized below.
2.2.1. TRPC2
TRPC2 has been reported to be important for Ca2+ entry induced by
receptor activation inmouse sperm [74] and its expression in COS cells
enhances agonist induced Ca2+ entry [75]. These ﬁndings are
consistent with those reported by Lucas et al. [76] on vomeronasal
neuron dendrites, where TRPC2 has been shown to be gated by DAG,
independently of Ca2+ or protein kinase C activation. On the other
hand, TRPC2 has also been shown to enhance TG-evoked Ca2+ inﬂux in
TRP2-expressing COS cells [75], thus supporting a possible role of
TRPC2 in SOCE.
2.2.2. TRPC3
Conﬂicting results have also been reported for TRPC3 regarding its
function as a SOC or non-store-operated channel. In addition to anearly study by Wu et al. in HEK293 cells transiently transfected with
TRPC3 antisense constructs, which reduced TG-evoked divalent cation
entry [56], a recent study in A431 cells has demonstrated that
suppression of TRPC3 with siRNA results in signiﬁcant reduction in
SOC channel activity as demonstrated using Ca2+ imaging and whole
cell recordings [77]. In HEK293 cells, TRPC3 interacts with TRPM4b, as
demonstrated by immunoprecipitation and confocal microscopy.
TRPM4b negatively regulates TRPC3 channel activity, which is likely
to be mediated by displacement of TRPC3 from the store-operated
pathway [78]. In contrast, stable expression of TRPC3 in HEK293 cells
has been reported to form a non-selective cation channel gated by the
activation of phospholipase C but not after Ca2+ store depletion [79]. A
more recent study has demonstrated that TRPC3 overexpression
reduces the amount of Ca2+ accumulated in the intracellular Ca2+
stores as a result of expression of TRPC3 in the ER [80]. In support of a
role for TRPC3 as a constituent of non-store-operated channels,
Bréchard et al. [81] have reported that knock-out of TRPC1, TRPC6 and
Orai1, but not suppression of TRPC3, leads to attenuation of store-
operated Ca2+ entry activated by TG, which provides evidence for a
role for TRPC1 and 6 in SOC channel function.
2.2.3. TRPC4 and TRPC5
The role of other TRPC proteins, such as the closely related TRPC4
and TRPC5, in Ca2+ entry has also been investigated. Studies performed
in CHO cells have shown that TRPC4 is involved in a store-operated
current activated by IP3 and TG under buffering of intracellular Ca2+
[82]. TRPC4 has also been suggested to be an important component of
the channel supporting ICRAC-like currents in bovine adrenocortical
cells and human gingival keratinocytes [83,84]. One of the clearest
pieces of evidence supporting a role for TRPC4 as a constituent of SOC
channels came from experiments performed in vascular endothelial
cells from TRPC4-deﬁcient mice which lacked a store-operated Ca2+
current (ISOC) observed in cells from normal mice [85].
In smooth muscle cells, inhibition of TRPC5 channel function by
external application of the speciﬁc T5E3 blocking antibody resulted in
attenuation of SOCE [86]. More recent studies in mast cells and
vascular smooth muscle cells have also supported the involvement of
TRPC5 in SOC channels. In the RBL-2H3 mast cell line, TG-induced
store-operated divalent cation entry has been found to be conducted
by a TRPC5- and Orai1-containing STIM1-regulated channel, as
demonstrated by knock down of these proteins [87]. In addition,
TRPC5 has also been found to be a component of the heteromeric SOC
channels in vascular smooth muscle cells [69].
However, as with other TRPC proteins, there are conﬂicting
ﬁndings in the literature concerning the store-operated nature of
TRPC4 and 5. Schaefer et al. [88] failed to ﬁnd store-operated currents
in TRPC4 and TRPC5-expressing HEK293 cells. Also, in HEK293 cells,
Wu et al., using an antisense oligonucleotide approach, reported that
TRPC4 is not involved in SOCE but in arachidonic acid-mediated Ca2+
inﬂux [89]. More recent studies have provided evidence for the
activation of TRPC5 channels by lysophospholipids [90]. Phospholi-
pase A2-dependent lysophospholipid generation might be activated
by store depletion or receptor occupation, thus suggesting that TRPC5
might be a point of convergence between store and receptor-operated
signals [90].
2.2.4. TRPC6
TRPC6 has been reported to form non-store-operated Ca2+
channels activated by DAG [91,92]. However, a role for TRPC6 in the
conduction of SOCE has recently been suggested in human platelets,
where introduction of an anti-hTRPC6 antibody after reversible
electroporation, resulted in attenuation of TG-mediated divalent
cation entry compared to cells where a non-speciﬁc IgG was
introduced [93]. Similarly, TRPC6 has also been presented as a SOC
channel constituent in neutrophil-like HL-60 cells using an siRNA
knock-out approach [81].
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Reports on the possible role of TRPC7 in SOCE are controversial.
Early studies in mouse brain concluded that TRPC7 transiently
expressed in HEK293 cell forms channels activated by DAG [94]. In a
more recent publication, Riccio et al. claimed that TRPC7 enhances
SOCEwhen expressed in HEK293 cells, an effect that was prevented by
transient transfection of an hTRP7 antisense expression construct into
cells expressing TRPC7 [95]. These apparently disparate ﬁndings can
now be at least somewhat reconciled. Lievremont et al. [96] reported
that TRPC7 behaves differently depending on the mode of expression:
when stably expressed in HEK293 cells, TRPC7 was either store-
operated or activated by DAG, but TRPC7 behaved as a non-store-
operated channel when transiently expressed, providing a possible
explanation for the apparent opposite results mentioned above.
3. Interaction of transient receptor potential channels with
IP3 receptors
A relationship between TRP proteins and IP3 receptors has been
demonstrated in several different cell types. In HEK 293 cells,
exogenously expressed TRPC3 can be activated by an IP3 receptor-
dependent physical (conformational) coupling mechanism [97] and
TRPC4 shows an IP3 receptor binding domain shared with calmodulin
[98]. In T3 cells, stably expressing epitope-tagged TRPC3 or TRPC6, IP3
receptor can be detected in TRP immunoprecipitates [99]. Finally, in
platelets loaded with BAPTA, to prevent Ca2+- but not store depletion-
dependent signals, the type II IP3 receptor has been found in TRPC1
immunoprecipitates only after depletion of the intracellular Ca2+
stores [100].
In HEK293 cells, Homer proteins have been shown to regulate a
physical interaction between TRPC1 and IP3 receptors that appears to
be important for TRPC1 channel gating [101]. Another scaffolding
protein that facilitates the interaction between the PM and the ER is
the protein junctate. This protein has been reported to bind to the IP3
receptor and TRPC3 to form functional TRPC3–junctate–IP3 receptor
complexes, as demonstrated using RNA interference to block
endogenous expression of junctate, which results in impairment of
agonist-activated Ca2+ release and entry via TRPC3 [102].
Even though evidence supporting the interaction between TRPC
proteins and IP3 receptors is quite convincing, the functional role of
the interaction between TRP channels and IP3 receptors is a
controversial issue. In the DT40 cell line, where the loci of the three
IP3 receptor subtypes expressed were disrupted by homologous
recombination, the TRPC3 channel was expressed and activated by
occupation of the B cell receptor or by treatment with the
phospholipase C product, DAG [103]. Further studies in DT40 cells
showed that expression of TRPC3 in both wild-type and IP3 receptor-
knockout cells enhanced divalent cation entry in response to TG,
although this effect was found to be greater in wild type cells. The
authors concluded that in these cells TRPC3 forms store-operated
channels by both IP3 receptor-dependent and -independent mechan-
isms [104]. This apparently enigmatic contradiction more likely resides
at the level of expression of the TRPC3. At high levels TRPC3 behaves
as a “receptor-operated” channel activated by DAG and independently
of the IP3 receptor and Ca2+ stores. On the other hand, lower TRPC3
channel expression results in a “store-operated” channel modulated by
the IP3 receptor [103–105]. This change in behaviour has been
attributed to the coupling of the channel to the store-operated
machinery. Therefore, at low levels of expression, most of the channels
are coupled to the store-operated pathway, while an excess in TRP
channel expression results in a large number of uncoupled (non store-
operated) channels. Furthermore, a recent publication has pointed out
that endogenously expressed TRPC7 channels, underlying non-store-
operated, DAG-activated currents in DT40 cells, are gated by DAG in an
IP3 receptor-dependent manner [106], which suggest that IP3 receptors
might be important for store and non-store-operated channels.A recent study in human platelets endogenously expressing TRPC1
has provided evidence for the functional relevance of the coupling
between TRPC1 and the type II IP3 receptor for the maintenance of
SOCE in these cells. Impairment of the formation of the TRPC1–IP3
receptor complex by introduction of a peptide corresponding to IP3
binding domain of the type II IP3 receptor (IP3BD-peptide(317–334))
reduced the delayed phase of TG-evoked divalent cation entry. This
effect seemed speciﬁc for the TRPC1–IP3 receptor interaction, since
association of TRPC1 with other proteins of the store-operated
pathway, such as the ER Ca2+ sensor STIM1, which has been observed
in these cells [107], was not altered by this procedure [108].
4. Interaction of transient receptor potential channels with STIM1
and Orai1
A number of studies have provided evidence supporting that Orai–
STIMproteins form thehighly Ca2+ selective CRAC channel [33,34,109,110].
Recently, interaction between these two elements with different
components of the TRPC family has been demonstrated. Using HEK
cells, Birnbaumer's group has explored the functional involvement of
the interaction between STIM1 and the PM proteins Orai1 and TRPCs.
SOCE/ICRAC channels are suggested to be built of TRPC pore-forming
subunits and Orai regulatory subunits that transduce the store depletion
signal from STIM1 to TRPCs [111]. The authors propose that nonactivated
TRPCs in resting cells are stabilized by association with Orai proteins.
Receptor occupation and activation of the phospholipase C pathway result
in rapid release of Orai from TRPCswith activation of TRPCs operating in a
Ca2+-permeable, nonselective cation channelmode. Subsequent Ca2+ store
depletion changes STIM1 conformation, thus promoting colocalization
of Orai and STIM into microdomains [112], and interaction with TRPCs
[113–115] which, once associated with STIM–Orai complexes, are
proposed to operate in the SOCE/Icrac mode [116]. This model is based
on an adequate stoichiometric relationship between the amounts of
Orai, STIM and TRPC proteins [116]. This suggests that the reported
differences concerning the role of TRPCs on store- or receptor-operated
Ca2+ entry might be attributed to overexpression of any of these
proteins; for instance, overexpression of both STIM1 and Orai1 would
engage all of the TRPCs in the store-operated pathway, while over-
expression of either STIM or Orai has no effect, since Orai and STIM,
respectively, are limiting. In agreement with this hypothesis, a dynamic
assembly between TRPC1–STIM1–Orai1 has been reported to be
essential for SOCE and SOC channel function [57], which further
evaluation of the sequences involved reporting that the C-terminal
coiled-coil motif of Orai1 plays a key role for dynamic coupling to STIM1
[117]. More recent studies in human platelets endogenously expressing
Orai1, STIM1 and hTRPC1 have shown that Orai1 mediates the
communication between STIM1 and hTRPC1, which is essential for
activation of hTRPC1 subunits in the SOCE mode [118].
Lipid rafts domains have been shown to be important for STIM1
clustering to ER-plasma membrane junctions after store depletion,
which facilitates functional interaction of STIM1 with TRPC1 and
activation of SOCE [119]. Association of STIM1 to TRPC1 has been
further shown to induce the insertion of TRPC1 into lipid rafts, a
process that favours the function of TRPC1 as a SOC [120]. Lipid rafts
are also required for the interaction between Orai1 and both STIM1
and hTRPC1 upon store depletion, which further is important for the
activation of SOCE [121].
5. Concluding remarks
Although many research groups have provided evidence support-
ing a role for TRPC proteins in SOCE, this role is still not widely
accepted. A number of TRPC-forming channels have been shown to
be activated downstream of phospholipase C; however, the require-
ment for Ca2+ store depletion under conditions where [Ca2+]c and
membrane potential are controlled has not been demonstrated in
228 G.M. Salido et al. / Biochimica et Biophysica Acta 1793 (2009) 223–230many cases, mostly due to technical difﬁculties. In addition, a number
of publications have not found store-dependent activation of TRPC-
forming channels. These conﬂicting observations might result from
distinct idiosyncrasies of the cells used for TRPC expression, especially
the co-expression with other TRP proteins, as revealed by recent
studies suggesting that TRP properties can be modiﬁed by co-
expression of different TRP family members [67–70,122]. Recently,
TRPC1 has been reported to interact with the ER Ca2+ sensor STIM1
[57,113,123] and the PM CRAC protein Orai1 [57], suggesting the
participation of TRPC1 in SOCE. The quest for a full understanding of
the channels involved in SOCE is far from over.
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